AIRWAY SMOOTH MUSCLE (ASM) is the key end effector of acute airway narrowing in asthma. Studies of the contractile behavior of ASM have relied largely on the use of tissue strip preparations or freshly dissociated smooth muscle cells (6, 8, 12, 45) . More recently, however, it was demonstrated that the ASM cell passaged in culture represents a useful model system because it retains important functional responses to agonists and signaling pathways implicated in asthma (5, 16, 24, 30, 35) . Using magnetic twisting cytometry (MTC), Hubmayr et al. (16) showed that cultured ASM cells stiffen when challenged with a panel of contractile agonists reported to increase intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) or inositol 1,4,5-trisphosphate (IP 3 ) formation and that the extent of cell stiffening rank orders with the relative potency of these same agonists in mediating bronchoconstriction at the level of isolated muscle strips (1, 9) . Conversely, cell stiffness decreases progressively with increasing doses of bronchodilating agonists that are known to increase intracellular cAMP and cGMP levels (16, 35) . These findings provide evidence of pharmacomechanical coupling in ASM cells passaged in culture, but the underlying mechanism responsible for stiffening in these cells is unclear.
Agonist-evoked cell stiffening in cultured ASM cells may be attributable in part to activation of the contractile apparatus, thereby reflecting actomyosin-based contraction. Phosphorylation of the 20,000-dalton myosin light chain (LC 20 ) is the central regulatory mechanism of smooth muscle contraction. When phosphorylated by Ca 2ϩ /calmodulin-dependent myosin light chain kinase, LC 20 promotes actin-activated myosin motor activity and tension generation (19, 36) . Accordingly, the mechanical stiffening of adherent ASM cells, as measured by MTC, may reflect receptor-coupled activation of myosin phosphorylation, resulting in the cyclic interaction between myosin cross bridges and the actin lattice (11, 19) .
Additionally, some part of the observed cell stiffening might be attributable to the agonist-induced formation, remodeling, and reorganization of noncontractile elements of the cytoskeleton (CSK). Gunst and colleagues (10, 27, 32, 44) demonstrated that contractile agonists, in addition to triggering actomyosinbased force generation, cause polymerization of filamentous (F) actin as well as phosphorylation of the CSK proteins paxillin and talin that are localized to the membrane-associated dense-plaque sites of smooth muscle cells. These observations led to the suggestion that dynamic changes in the actin CSK and its attachment to the cell membrane may be an important component of force generation in ASM (7, 27, 40) .
The present study was undertaken to assess the relative contribution of myosin motors vs. changes in the actin CSK during agonist-evoked mechanical stiffening of cultured ASM cells. Using MTC, we measured the stiffness of cultured rat ASM cells exposed to serotonin (5-hydroxytryptamine; 5-HT), which was shown previously to increase [Ca 2ϩ ] i (39) and cause acute airway narrowing in the rat (31) . To assess the contribution of myosin activation to the cell stiffening induced by 5-HT, we used a panel of inhibitors, each of which acts via a distinct mode of action to block the catalytic activity of myosin: the calmodulin antagonist N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7), the myosin light chain kinase inhibitor 1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-7), and the myosin ATPase inhibitor 2,3-butanedione 2-monoxime (BDM). To assess the relative contribution of F-actin polymerization to the increase in cell stiffness, we used a panel of inhibitors that are known to block the formation of F-actin: cytochalasin D, latrunculin A, Clostridium botulinum C3 exoenzyme, and Y-27632. With each of these inhibitors, we also evaluated structural changes in the actin CSK with confocal microscopy.
MATERIALS AND METHODS
Cell isolation and culture. Rat ASM cells were prepared as previously described (39) . Ten-to twelve-week-old female Sprague-Dawley rats (Harlan; Indianapolis, IN) were intraperitoneally injected with pentobarbital sodium (35 mg/kg), and the tracheas were aseptically excised and placed in Ca 2ϩ ,Mg 2ϩ -free Hanks' balanced salt solution (HBSS) of the following composition (mM): 5 KCl, 0.3 KH2PO4, 138 NaCl, 4 NaHCO3, 0.3 Na2HPO4, and 1.0 glucose. The isolated tracheas were cleaned of connective tissues, cut longitudinally through the cartilage, and enzymatically dissociated with HBSS containing 0.05% elastase type IV and 0.2% collagenase type IV for 30 min in a shaking water bath at 37°C. Dissociated cells in suspension were centrifuged and resuspended in Dulbecco's modified Eagle's medium (DMEM)-Ham's F-12 medium (1:1 vol/vol) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml amphotericin-␤). Cells were plated on culture flasks and grew until confluence at 37°C in humidified air containing 5% CO2. The medium was changed every 3-4 days, and confluent cells were passaged with 0.25% trypsin-0.02% EDTA solution every 10-14 days. ASM cells in culture were elongated and spindle shaped, grew with the typical hill-and-valley appearance, and showed positive staining for the smooth muscle-specific proteins ␣-actin and calponin.
Magnetic twisting cytometry. Mechanical properties of cultured rat ASM cells were measured with MTC as previously described (41) . In brief, serum-deprived cells adherent on collagen-coated wells (500 ng/cm 2 ) were incubated for 20 min with ϳ5 ϫ 10 4 ferrimagnetic beads (4.5 m in diameter) coated with synthetic Arg-Gly-Asp (RGD) containing peptides (50 g peptide/mg beads) in serum-free medium containing 1% BSA. This allowed a specific binding of the beads to cell surface integrin receptors on adherent cells. Unbound beads were removed by washing cells with serum-free medium. The wells were then individually placed within the magnetometer and maintained at 37°C.
The beads were first magnetized with a brief 1,000-G pulse so that their magnetic moments were aligned in one direction, parallel to the surface on which cells were plated. Subsequently, an external magnetic "twisting" field (26 G) was applied orthogonal to the original field, yielding a magnetic torque of 80 dyn/cm 2 . This second twisting magnetic field was too weak to remagnetize the beads and instead caused the bead to rotate, as would a compass needle, to reorient the magnetic moment toward alignment with the applied field. The magnetometer measured changes in the component of the remnant magnetic field generated by the beads in the original direction. From these data, the ratio of specific torque to bead rotation was computed and expressed as the apparent cell stiffness (41) .
Confocal laser scanning microscopy. We used a modification of the methods used by Togashi et al. (38) to visualize actin stress fibers within rat ASM cells passaged in culture. First, we aseptically inserted glass coverslips (12-mm diameter) into 24-well tissue culture flask and coated them with collagen at a concentration of 500 ng/well. On the day of the experiment, serum-deprived cells were seeded at 100,000 cells to each well.
After each experimental protocol (see Experimental protocols), adherent ASM cells were fixed in 3.7% paraformaldehyde-phosphate buffered saline (PBS) containing 0.1% Triton X-100 for 10 min at room temperature (pH 7.2). Cells were then washed twice with PBS and subsequently permeabilized with 0.2% Triton X-100 in PBS for 10 min. Incubation and washing were performed in parallel for all wells. To localize F-actin, cells were stained with fluorescein isothiocyanate (FITC)-labeled phalloidin (5 g/ml) in blocking solution (1% BSA-0.1% Triton X-100 in PBS) overnight in a dark room at room temperature. The next day, cells were extensively washed with PBS and each coverslip was mounted on a slide with a mounting medium (Gel/Mount; Biomeda).
FITC-labeled phalloidin staining of F-actin was visualized with a Leica TCSNT confocal laser scanning microscope (Leica, Exton, PA) fitted with air-cooled argon and krypton lasers. The excitation and emission wavelengths for FITClabeled phalloidin were 488 and 525 nm, respectively. Cells were brought into focus under bright-field conditions, and the field of view was selected at random. For each sample, the plane of focus was maintained at 0.5 m above the coverslip surface.
F-actin staining intensity within cells was calculated with ImageSpace Software (Molecular Dynamics, Sunnyvale, CA) from nonoverlapping square masks (216 m 2 ) applied to at least five cytoplasmic regions of each cell under consideration. Regions containing cell margins or nuclear profiles were not included. To standardize the fluorescence intensity measurements among experiments, the time of image capture, the image intensity gain, the image enhancement, and the image black level were optimally adjusted at the outset and kept constant for all experiments. For each experiment, F-actin staining intensity of at least 10 cells from 10 fields was averaged for a single data point. An increase in F-actin staining intensity indicated an increase in actin reorganization.
Experimental protocols. In the present study, third-to eighth-passage ASM cells at confluence were serum deprived and supplemented with 10 g/ml insulin, 5.5 g/ml transferrin, and 6.7 g/l sodium selenite for 24-48 h before use. These conditions have been shown to maximize the expression of smooth muscle-specific proteins and restore the contractile phenotype of smooth muscle cells (13, 25, 30, 46) . On the day of experiments, serum-deprived cells were harvested and plated at 30,000 cells/cm 2 on plastic wells (96-well Re-movawell, Immulon II; Dynetech) previously coated with collagen at a concentration of 500 ng/cm 2 . This concentration of collagen matrix has been optimized for seeding cultured cells and for assessing cell stiffness (16) . Cell stiffness was measured 4-24 h later with MTC as described in Magnetic twisting cytometry.
In general, three to four measurements of cell stiffness were made for each well both before and after addition of 5-HT. We used the apparent stiffness, as defined by Wang and colleagues (41) , expressed as dynes per square centimeter, and cell stiffening induced by 5-HT was expressed as the percent increase from the initial baseline stiffness (unstimulated cells). To assess the relative contribution of contractile protein activation to cell stiffness, cultured ASM cells were incubated for 1 h with or without drugs that inhibit myosinbased contraction (W-7, ML-7, and BDM). For control, the cells were incubated in serum-free medium containing either 1% dimethyl sulfoxide (DMSO) or 0.1% methanol for the same duration of drug treatments. Cell stiffness was measured both before and after drug treatments and also after the addition of 10 Ϫ5 M 5-HT. To modulate events leading to the formation of F-actin (15, 38) , ASM cells were treated with C3 exoenzyme (RhoA inhibitor), Y-27632 (Rho-kinase inhibitor), cytochalasin D, or latrunculin A. Adherent cells were incubated with or without C3 exoenzyme (final concentration 10 g/ml) for 24-48 h in DMEM-Ham's F-12 (1:1 vol/vol) medium containing 1% FBS. Subsequently, the cells were reequilibrated in serum-free medium with or without C3 exoenzyme and cell stiffness was measured both before and after addition of 5-HT (10 Ϫ5 M). For Y-27632, cytochalasin D, or latrunculin A, cultured ASM cells were incubated for 1 h with progressively increasing doses of each inhibitor before 5-HT stimulation.
Materials. Tissue culture reagents were obtained from Sigma (St. Louis, MO), with the exception of DMEM-Ham's F-12 (1:1 vol/vol) medium, which was purchased from GIBCO (Grand Island, NY). The synthetic RGD peptide (Peptite 2000; Integra Life Sciences) was provided by Dr. Juerg Tschopp. All drugs were obtained from Sigma, with the exception of C. botulinum C3 exoenzyme (RhoA inhibitor) and Y-27632 (Rho-kinase inhibitor), which were purchased from Calbiochem (La Jolla, CA) and Tocris Cookson (Ellisville, MO), respectively. 5-HT and C3 exoenzyme were reconstituted in sterile distilled water. BDM, ML-7, cytochalasin D, latrunculin A, and Y-27632 were prepared in DMSO; W-7 was dissolved in 10% methanol. On the day of the experiments, all reagents were diluted to final concentrations in serum-free medium yielding either 1% DMSO or 0.1% methanol in final volume.
Statistics. Data are presented as means Ϯ SE; n represents the number of experiments. Student's t-test was used for statistical comparison of two means (P Ͻ 0.05 was considered significant). The correlation between two variables such as stiffness of drug-treated and untreated cells was analyzed by Pearson's correlation analysis (P Ͻ 0.05 was considered significant).
RESULTS

Contractile state of adherent ASM cells in culture.
Rat ASM cells cultured on a collagen-coated surface were stimulated with progressively increasing doses of the contractile agonist 5-HT. Under resting conditions, baseline stiffness of the cells varied from well to well and from day to day (data not shown). Hence, we plotted the extent of cell stiffening induced by different doses of 5-HT as the percent change from the respective baseline stiffness (Fig. 1) . Cell stiffness increased in a dose-dependent manner and reached a plateau at 10 Ϫ6 M 5-HT. The mean stiffness in unstimulated ASM cells was 99.10 Ϯ 7.53 dyn/cm 2 at baseline and then increased to 142.67 Ϯ 8.47 dyn/cm 2 in response to 5-HT (10 Ϫ5 M). Cell stiffness increased somewhat after a 1-h incubation with serum-free medium (ITS) or serum-free medium containing 1% DMSO but less so with serumfree medium containing 0.1% methanol (Fig. 2) . Nevertheless, in response to 5-HT (10 Ϫ5 M), cell stiffness further increased above baseline stiffness by 84.1 Ϯ 16.8% for ITS, 61.5 Ϯ 11.5% for 1% DMSO, or 56.6 Ϯ 10.2% for 0.1% methanol-treated cells (Fig. 2) . There was no statistical difference between these changes.
Role of contractile machinery within cultured ASM cells. 5-HT acts via the 5-HT 2c -like receptors coupled to phospholipase C and elicits the mobilization of [Ca 2ϩ ] i in cultured rat ASM cells (33, 39 ). An increase in [Ca 2ϩ ] i initiates smooth muscle contraction via binding to calmodulin, which then activates myosin light chain kinase (19) . To assess whether cell stiffening induced by 5-HT is attributable to activation of the calmodulindependent signaling pathways, ASM cells were incubated for 1 h with serum-free medium containing 0, 1, 10, 20, 50, or 100 M W-7 before 5-HT (10 Ϫ5 M) stimulation. For control, the cells were incubated for 1 h with 0.1% methanol (medium used to prepare working concentrations of W-7).
Cells treated with W-7 exhibited a dose-dependent reduction of cell stiffening induced by 5-HT (Fig. 3) . At high concentrations, a 1-h incubation with W-7 decreased cell stiffness below initial baseline and prevented any further increase in cell stiffness induced by 5-HT. The concentration of W-7 that caused a decrease in cell stiffness equal to 50% of the 5-HT response in the absence of W-7 (IC 50 ) was ϳ16 M. Cultured ASM cells were also incubated with graded doses of the myosin inhibitors ML-7 and BDM. For control, the cells were treated with serum-free medium containing 1% DMSO (medium used to reconstitute ML-7 and BDM). ASM cells treated for 1 h with ML-7 or BDM exhibited a dose-dependent reduction of both baseline stiffness and cell stiffening induced by 5-HT (Figs. 4 and 5). As shown in Fig. 4 , the stiffening response was significantly reduced (P Ͻ 0.05) in all ML-7-treated cells compared with that of the untreated cells. Likewise, BDM significantly depressed (P Ͻ 0.05) cell stiffening induced by 5-HT at concentrations of 20 and 50 mM (Fig. 5) . The IC 50 values for ML-7 and BDM were ϳ3 M and 17 mM, respectively. At high concentrations, a 1-h incubation with either ML-7 or BDM decreased cell stiffness below initial baseline and prevented any further increase in cell stiffness with 5-HT. 
Role of F-actin polymerization within cultured ASM cells.
Previous studies demonstrated that contractile agonists modulate the dynamics of the actin CSK within cultured ASM cells by converting G-actin to F-actin (15, 38) . An increase in F-actin polymerization is an indication of actin CSK reorganization. Thus cell stiffening evoked by 5-HT may be mediated in part by the formation, remodeling, and reorganization of noncontractile elements within cultured rat ASM cells. To assess that possibility, we used confocal microscopy to examine structural changes in the actin CSK in response to 5-HT stimulation and also to evaluate the effects, if any, of W-7, ML-7, and BDM on the actinbased CSK assembly.
In untreated cells (control), actin microfilaments were visible in the resting condition (unstimulated FITC-phalloidin staining of F-actin in cultured rat ASM cells; Fig. 6a) . A 5-min exposure to 5-HT (10 Ϫ5 M) elicited further polymerization of actin microfilaments as marked by an increase in the average pixel intensity of FITC-phalloidin staining of F-actin (Fig. 6b) . The average pixel intensity (scale 0-255) of unstimulated ASM cells was 64.3 Ϯ 9.1 and then increased to 81.8 Ϯ 11.5 in response to 5-HT, representing a 31.4 Ϯ 9.4% increase in pixel intensity (Table 1) . For the cells treated with 1% DMSO, the intensity of F-actin staining increased 60.4 Ϯ 25.7% when exposed to 5-HT (Fig.  6, c and d ; Table 1 ).
ASM cells treated for 1 h with various doses of W-7, ML-7, or BDM did not show noticeable changes in the pixel intensity of F-actin staining compared with that of the unstimulated control cells, except for a 1-h incubation with 50 M W-7 (Fig. 6 , g, i, and k; Table 1 ). On 5-HT stimulation, FITC-phalloidin staining intensity of F-actin in these cells increased from their respective resting conditions (Fig. 6 , g-l; Table 1 ). These myosin inhibitors, at doses that substantially ablated cell stiffening induced by 5-HT, did not block the formation of F-actin, however.
Role of F-actin polymerization in cell stiffness. To assess the relative contribution of F-actin polymerization to cell stiffness, we used direct actin-disrupting agents (cytochalasin D and latrunculin A) as well as inhibitors of Rho activation pathways (C3 exoenzyme and Y-27632). ASM cells treated for 1 h with 1 M cytochalasin D showed fewer actin microfilaments compared with unstimulated control cells and exhibited a complete ablation of F-actin polymerization induced by 5-HT (Fig. 6 , e and f; Table 1 ). Likewise, cells treated with latrunculin A (1 M), C3 exoenzyme (10 g/ml), or Y-27632 (50 M) showed significant decreases in the FITC-phalloidin staining intensity of F-actin compared with unstimulated control cells; furthermore, at these same doses, each of the inhibitors completely ablated F-actin polymerization induced by 5-HT (data not shown).
At 1 M, cytochalasin D caused baseline stiffness to fall but did not completely block the stiffening induced by 5-HT (Fig. 7) . Importantly, cytochalasin D at this concentration completely ablated F-actin polymerization. At 10 M, cytochalasin D caused baseline stiffness to decrease substantially and completely ablated the stiffening induced by 5-HT. ASM cells treated with 1 M latrunculin A exhibited a decrease in baseline stiffness and complete ablation of the cell stiffening response to 5-HT (Fig. 8) . In contrast, cells treated for 24 h with C3 exoenzyme showed only moderate changes in stiffness and cell stiffening induced by 5-HT compared with control cells (Fig. 9) . A 48-h incubation with C3 exoenzyme attenuated both baseline cell stiffness and the extent of cell stiffening induced by 5-HT, however. ASM cells treated for 1 h with Y-27632 exhibited a dose-dependent decrease in the extent of cell stiffening induced by 5-HT (Fig. 10) . These inhibitors, at doses that completely blocked F-actin polymerization, did not ablate the cell stiffening response to 5-HT, however.
DISCUSSION
ASM cells exposed to the contractile agonist 5-HT increased both cell stiffness and FITC-phalloidin staining of F-actin, thus confirming the findings of others (15, 27, 38) . When these cells were pretreated with a panel of myosin inhibitors, however, the cell stiffening induced by 5-HT was largely ablated but F-actin polymerization was not. When cells were pretreated with inhibitors of F-actin polymerization, the cell stiffening induced by 5-HT was substantially attenuated. These results suggest that agonist-evoked cell stiffening requires actin polymerization as well as myosin activation and that neither actin polymerization nor myosin activation by itself is sufficient to account for the observed cell stiffening. In the discussion that follows we begin by pointing out the limitations of the methods that we have used and then go on to discuss the principal findings of this report and their biological implications.
As a model system we used the rat ASM cell in passages 3-8. A fundamental limitation of this approach is that the ASM cell can dedifferentiate in culture and tend toward a synthetic rather than a contractile phenotype (14) . Panettieri et al. (30) showed, however, that nontransformed human ASM cells that are grown to confluence retain the expression of smooth muscle-specific contractile proteins (␣-and ␥-actin), although not as much as freshly dissociated cells. Others have reported that prolonged serum deprivation of postconfluent ASM cells further enhances the expression of contractile and regulatory proteins (myosin heavy chain and myosin light chain kinase), which can reach levels that are comparable to those in freshly dissociated cells (13, 25, 46) . These cells retain physiological responsiveness, including cytosolic Ca 2ϩ release and cAMP production, in response to histamine, leukotrienes, bradykinin, platelet-activating factor, substance P, thromboxane analogs, and isoproterenol (30) . Using MTC, Hubmayr et al. (16) demonstrated that human ASM cells in culture stiffen when challenged with a panel of contractile agonists reported to increase [Ca 2ϩ ] i or IP 3 formation, whereas cell stiffness decreases progres-sively with increasing doses of bronchodilating agonists known to increase intracellular cAMP and cGMP levels. Shore and colleagues (16, 29, 35) showed that these cells maintain functional coupling to ␤-adrenergic receptors over many population doublings. We found in the cultured rat ASM cells that 5-HT increased stiffness in a dose-dependent fashion and caused a maximal response (84 Ϯ 17% increase above baseline) at 10 Ϫ5 M. These changes are consistent with previous findings from MTC in human ASM cells (5, 16, 35 ). As a mechanical system, actin filaments formed during adhesion of cells to a substrate in culture may differ significantly from actin filaments present in differentiated smooth muscle tissues; they are bundled into stress fibers oriented to support substrate adhesion rather than tension development and may differ biochemically from the composition of the contractile system of differentiated tissues (10, 20, 21) . The active stress generated by these cells in culture can be measured directly by traction microscopy, and it approaches 2 kPa (43); not surprisingly, this corresponds to only a small fraction of the maximum active stress that can be attained at the level of intact isolated contractile tissues, which approaches ϳ4 kPa in rat aortic strips (2), 20 kPa in guinea pig tracheal smooth muscle (4), and 150 kPa in bovine tracheal smooth muscle (12) . Although the level of active stress in the human ASM cell passaged in culture and serum deprived for 24 h is relatively small, this system displays a brisk mechanical response to contractile challenge (5, 16, 26) , and induced stiffness changes can be manipulated through an appreciable range; using a more sensitive bead-twisting technique than the one we have used here, Fabry et al. (5) reported changes in cell Values are mean Ϯ SE pixel intensities (scale 0-255) for n ϭ 4-6 experiments. Airway smooth muscle (ASM) cells were treated for 1 h with or without dimethyl sulfoxide (DMSO; 1%), cytochalasin-D (Cyto-D; 1 M), W-7 (30-50 M), ML-7 (20-50 M), or BDM (20-50 mM) before a 5-min exposure to serotonin (5-HT; 10 Ϫ5 M). For each experiment, at least 10 cells per treatment group were considered, and intensity of F-actin staining was calculated from nonoverlapping square masks (216 m 2 ) applied to at least 5 cytoplasmic regions of each cell under consideration. The F-actin polymerization induced by 5-HT is also expressed as the % change from the respective unstimulated conditions. stiffness of more than sevenfold from maximally relaxed to maximally activated states and showed that the time course of changes in hysteresivity matches well those observed at the level of isolated muscle strips (6) . Active stresses measured by traction microscopy span a similarly wide range and closely track changes in CSK stiffness (3, 42, 43) , suggesting that changes of CSK stiffness are a reasonable proxy for active force development. Together, observations in ASM cells in intact tissues vs. those passaged in culture suggest that discrepancies of mechanical responses appear to be mostly differences in amount rather than kind. To the extent that this is so, passaged ASM cells in culture may represent an interesting model of the signaling and mechanical events that occur during airway smooth muscle contraction. Nonetheless, the inability of these cells to develop active stresses approaching levels observed in intact tissues may represent a fundamental limitation.
With these limitations in mind, we turn to the question of what factors might account for the induced changes in cell mechanics reported here. Recent studies demonstrated that contractile activation, in addition to eliciting actomyosin-based force generation, also regulates phosphorylation of dense plaque-associated proteins (paxillin, talin, and focal adhesion kinase) and polymerization of actin microfilaments (27, 44) . In cultured ASM cells, Hirshman and coworkers (15, 38) reported actin reorganization, as reflected by the conversion of G-actin to F-actin, in response to contractile activation. Mehta and Gunst (27) showed that the inhibition of actin polymerization markedly depresses force development in response to contractile activation without much effect on myosin phosphorylation. In bovine tracheal smooth muscle, Tseng et al. (40) demonstrated that cytochalasin B attenuates carbachol-evoked [Ca 2ϩ ] i , myosin phosphorylation, and force development. Although cell stiffening and active force generation are usually thought of in the context of myosin activation (16) , these findings led Mehta and Gunst to suggest that mechanical changes in ASM cells might be attributable in large part to agonist-induced regulation of actin CSK assembly.
To quantify changes in stress fibers and reorganization of the actin CSK, studies have often used dualfluorescence labeling with FITC-phalloidin and Texas red DNase I, which provides the relative amounts and configuration of F-and G-actin, respectively (15, 38) . In the present study, we chose to quantify the absolute rather than relative changes in F-actin polymerization at and near the dense-plaque sites of ASM cells with confocal microscopy. We found that 5-HT caused rapid formation of actin microfilaments and increased the intensity of FITC-phalloidin staining of F-actin. Our findings are in agreement with earlier reports that the actin CSK is dynamically regulated during muscle contraction (7, 15, 27, 38, 40) .
However, ASM cells treated with each of the myosin inhibitors (W-7, ML-7, and BDM) did not show any sign of decrease in the F-actin polymerization induced by 5-HT and indicated, if anything, slightly increased actin polymerization (Fig. 6 , g-l; Table 1 ). Each of these myosin inhibitors acts via a distinct mode of action to block the catalytic activity of myosin, and there were qualitative differences in response (Figs. [3] [4] [5] . Cells treated with W-7, ML-7, or BDM all exhibited dose-dependent reductions of cell stiffening induced by 5-HT, but the relative potency of these inhibitors differed, with ML-7 being the most potent and BDM the least. In this connection, Katoh et al. (20) reported two different classes of stress fibers in cultured FS-133 cells, which are differentially regulated by myosin light chain kinase and Rho-kinase; central stress fibers are dependent on the activity of Rhokinase, whereas peripheral stress fibers are dependent on the activity of myosin light chain kinase. Both ML-7 (25 M) and W-7 (100 M) inhibit formation of peripheral stress fibers in cultured FS-133 cells. In this study, we did not differentiate between the two classes of actin stress fibers but focused rather on the F-actin polymerization at the site near the dense plaques of ASM cells. Despite these differences in the myosin inhibitors and their mechanisms of action, the data in Figs. 3-6 draw a self-consistent picture in which the major part of the agonist-induced cell stiffening seems to be attributable to myosin activation. Each of these myosin inhibitors decreased baseline stiffness as well, suggesting that the baseline tone that these cells possess is attributable to partial myosin activation (16, 35) .
To exert its mechanical effects, myosin must interact with an integrated actin lattice. Mehta and Gunst (27) reported that disrupting the actin lattice, either by capping existing actin filaments at the barbed ends with cytochalasin D or by preventing G-actin assembly into actin filaments with latrunculin A, markedly depresses force development in response to contractile activation. Likewise, we found that inhibition of actin polymerization by 10 M cytochalasin D or 1 M latrunculin A completely ablated cell stiffening induced by 5-HT (Figs. 7 and 8) . However, whereas a 1-h incubation with 1 M cytochalasin D also blocked Factin polymerization induced by 5-HT (Fig. 6, d and e; Table 1 ), this did not entirely ablate the cell stiffening response (Fig. 7) . These findings seem to suggest that the partially disrupted actin CSK may still provide a scaffolding on which myosin motors can exert their mechanical effects.
Recent reports suggest that agonist-induced actin polymerization is mediated via pathways involving heterotrimeric G proteins G␣ i-2 and G␣ q signaling to RhoA (15, 38) . When passaged ASM cells were treated with C3 exoenzyme or Y-27632, the extent of cell stiffening induced by 5-HT was substantially attenuated (Figs. 9 and 10). These inhibitors at doses that completely blocked F-actin polymerization did not ablate the stiffening response to 5-HT, however. As regards the C3 exoenzyme data, we could not determine from these studies whether the observed attenuation of cell stiffness was due to incomplete inactivation of Rho or the presence of Rho-independent mechanisms for both actin polymerization and myosin light chain phosphorylation. Activation of RhoA and its downstream target Rho-kinase also has been shown to inactivate myosin light chain phosphatase (22) . Although we did not measure the level of myosin light chain phosphorylation in these cells, our findings with a wide panel of F-actin inhibitors, together with findings of others (15, 27, 38, 40) , seem to indicate that dynamic changes in the actin CSK and its attachment to the cell membrane may be an important component of the cell stiffening response to 5-HT. This leads us to the conclusion that agonist-evoked stiffening of cultured ASM cells requires actin polymerization as well as myosin activation and that neither process alone is sufficient to account for the observed cell stiffening.
As regards the role of myosin motors in changes of cell stiffness, there are at least three mechanisms that might contribute. The first mechanism is the direct effect of cross bridge recruitment. Huxley's 1957 (17) theory of muscle contraction shows that cross-linking of the thick filament to the thin filament by myosin bridges leads to changes of muscle stiffness in direct proportion to the number of bridges attached. This stiffness is attributable to the elasticity of the myosin S2 subfragment (18) and the extensibility of the thin and thick filaments themselves (28) . A second plausible mechanism concerns an indirect effect of myosin activation, namely, the increased tension that is borne in filamentous structures of the CSK as a result of myosin activation. The tensegrity model suggests that cell stiffness is conferred by the tension borne by these filamentous structures. According to this hypothesis, as filament tension changes, the cell stiffness changes in concert, much as a simple tent becomes stiffer as its tethers are tightened (37, 42) . Recent experimental data establish a linear relationship between cell stiffness and the tension generated within the CSK (43) . In this case, changes of cell stiffness would be secondary to changes of filamentous tension caused by recruitment and activation of myosin bridges but not due to bridge stiffness itself.
The third myosin-based mechanism relates to the theory of myosin evanescence. It has been proposed that myosin filaments are structurally labile and that thick filaments may also undergo dynamic changes during contraction or relaxation of smooth muscle (23, 34) . For example, contractile activation may provide a suitable environment for myosin to be incorporated into thick filaments, whereas muscle relaxation may promote thick filament depolymerization. Hence, the differences in cell stiffness may reflect the differences in the organization of myosin filaments after activation. These changes also confer ASM plasticity, which allows the cells to adapt to changes in muscle length as imposed by tidal breathing.
In summary, we have shown that 5-HT increases both cell stiffness and the formation of F-actin. Myosin inhibitors largely ablated the cell stiffening response but not the F-actin polymerization induced by 5-HT. Agents that inhibited the formation of F-actin attenuated both baseline stiffness and the extent of cell stiffening induced by 5-HT. The data in this report suggest that mechanical stiffening of cultured ASM cells that is induced by contractile activation requires both actin polymerization as well as myosin activation and that neither actin polymerization nor myosin activation by itself is sufficient to increase cell stiffness in response to a contractile agonist.
